Although gold nanoparticles (GNPs) are promising probes for biological imaging because of their attracting optical properties and bio-friendly nature, properties of the multi-photon (MP) emission from GNP aggregates produced by a short-wave infrared (SWIR) laser have not been examined. In this paper, characterization of MP emission from aggregated 50 nm GNPs excited by a femtosecond (fs) laser at 1560 nm is discussed with respect to aggregate structures. The key technique in this work is single particle spectroscopy. A pattern matching technique is applied to correlate MP emission and SEM images, which includes an optimization processes to maximize cross correlation coefficients between a binary microscope image and a binary SEM image with respect to xy displacement, image rotation angle, and image magnification. Once optimization is completed, emission spots are matched to the SEM image, which clarifies GNP ordering and emission properties of each aggregate. Correlation results showed that GNP aggregates have stronger MP emission than single GNPs. By combining the pattern matching technique with spectroscopy, MP emission spectrum is characterized for each GNP aggregate. A broad spectrum in the visible region and near infrared (NIR) region is obtained from GNP dimers, unlike previously reported surface plasmon enhanced emission spectrum.
Introduction
Multi-photon (MP) emission of gold nano particles (GNPs) makes them attractive for imaging and nanotechnology. 1, 2 Optical luminescence of gold was first reported by Moordian. 3 This emission exhibited broadband luminescence at room temperature with an emission peak at 520 nm and an efficiency on the order of 10 -10 . Boyd et al. showed MP emission from smooth and rough surfaces of gold in 1986. 4 More recently, it has been demonstrated that single gold nanoparticles exhibit two-photon emission and three-photon emission. Research on their characteristics examined in this decade revealed that the nonlinear emission spectrum from single GNPs spans from the visible region to the near infrared (NIR) region. 5 Farrer et al. also demonstrated that three-photon emission from GNPs is generated efficiently with a 800 nm wavelength femtosecond (fs) laser operating at power levels that are lower than those typically used for two-photon imaging of living cells, which can reduce phototoxicity for living tissue. 6 There are many examples of how the form of GNP aggregates is influential to MP emission. Electromagnetic fields are enhanced at gaps between aggregated GNPs, and particle separations affect two-photon emission strength. 7 Nah et al. showed that a large number of aggregates exhibits considerably brighter two-photon emission, but the emission strength is not linear in the number of particles in the aggregates. 8 It has been showed that two-photon emission is affected by surface plasmon resonance due to aggregation. 9 Higher order nonlinear emission has been also investigated by Viarbitskaya et al. They showed that three-photon emission from aggregated GNPs is stronger than that from isolated GNPs, and emission spectra are the same in both cases. 10 Recently, nonlinear emission excited by a short-wave infrared (SWIR) fs laser has been reported. Knittel et al. showed that gold nanostructures excited by a fs laser at 1560 nm exhibit broadband nonlinear photoluminescence spectrum in visible region, and the different emission spectra between monocrystalline and polycrystalline are observed. excitation light by tissue.
12-14 NIR/SWIR excitation has the advantage that higher-order nonlinear emissions, such as third harmonic generation and three-photon excited fluorescence are located in the visible region, for which standard collection optics and detectors operating near maximum efficiency can be used. 15 The NIR multi-photon microscope was first developed with a Ti:sapphire laser, but it has been simplified by the advent of more compact and affordable fiberbased fs lasers in the NIR/SWIR regions made from reliable state-of-the-art telecommunications components. 16 Although our group showed that GNPs exhibit broad MP emission in the visible and NIR region by using a custommade high numerical aperture (NA) multi-photon microscope with a SWIR 1560 nm fs fiber laser, 17 relationships between emission properties and morphology are still unknown.
Here, GNP aggregates are excited by a 1560 nm fs laser, and the characteristics of MP emission are described with respect to the aggregate structure. Section 2 describes sample preparation and an experimental setup. The emission is observed by our high NA multi-photon microscope. Section 3 describes a correlation method to clarify relationships between emission and aggregate form. Emission spots are mapped to scanning electron microscope (SEM) images through a pattern matching technique. Section 4 lists the summary. Figure 1 shows a measurement geometry of an sample. Samples are of 50 nm diameter GNPs (Sigma-Aldrich). A diluted and sonicated GNP colloidal solution is deposited on a both polished silicon substrate with 400 μm thickness and dried naturally under ambient conditions. Samples obtained through this method are called self-assembled GNPs, which provide single particles, dimers, trimers, and a large number of particle aggregates. 18 Polystyrene particles with diameters of 10 μm (Phosphorex, Inc.) are also used as reference markers that make it easier to find the same observation region for both SEM and MP microscope imaging. A hemispherical solid immersion lens (SIL) is coupled to the bottom of the substrate with high-index immersion oil in a contact region. The excitation laser is focused on the GNP through the substrate and the SIL. The silicon substrate is glued on an aluminum plate to fix the sample on a microscope stage, and the aluminum plate is fixed on a sample stage by screws. Figure 1 . Schematic using a silicon sample substrate and an object-centric silicon solid immersion lens (SIL). 17 The excitation laser is focused onto the sample surface through the SIL and the backside of the substrate. GNPs with diameters of 50 nm are placed on the top side of the silicon substrate. Figure 2 shows our high NA multi-photon microscope. 17 A fiber-based fs pulsed laser (KPhotonics model CNT-1150-TK-A) producing 150 fs pulses with 50 MHz repetition rate at 1560 nm with an average power of 70 mW is used as an excitation laser. High NA illumination system with 2.8 NA is achieved by using the silicon SIL on a 0.8 NA IR objective lens (LMPlan-IR 100X). The focused laser is scanned by two galvo mirrors placed at conjugate planes to the entrance pupil of the IR objective. A piezoelectric device is placed on the substrate mount to adjust the focus position along the optical axis and an IR camera is used for alignment. A visible LED provides epi-illumination which is useful to find a target region on the sample. The collection system has a 0.8 NA visible objective lens (LMPlanFL 100X) and a tube lens to image MP emission onto a CCD (SBIG model ST-402ME). Emission spectrum is obtained by inserting a blazed grating into the collection path, where a filter is also used to cut off THG generated from the silicon substrate. Figure 3 (a) show a representative SEM image of GNP aggregates on the substrate. The number and ordering of GNPs at each point are revealed under high magnification, as shown in Figure 3(b) . By tracking 10 μm polystyrene particles (not shown in the figures), MP emission is imaged in the same region by the MP microscope. Many GNPs including single GNPs, dimers, trimers, and a large number of aggregates are found in the observed area, although only 11 MP emissions are detected in the MP microscope image. To distinguish emissive GNPs and non-emissive GNPs, a pattern matching method is applied. 19, 20 Due to the large number of GNPs in the SEM image, a MATLAB program is coded to perform this pattern matching. The main processes are shown in Figure 3 . First, binary images are generated from the SEM image and MP image (Figure 3(d) and (e) ). Non-zero points in Figure 3(d) are corresponding to GNP positions in Figure 3(a) , and those in Figure 3 (e) are emission areas determined by MP emission positions in Figure 3(c) and Airy diameter of the collection objective. Second, cross correlation is calculated between these binary images, as shown in Figure 3(f) . Third, the program searches a maximum value and its position in the cross correlation, which tells us a matching position between GNPs in the SEM image and the MP emissions. Fourth, the binary MP image is rotated by angle θ and magnified by M. Then, the second to fourth steps are repeated until cross correlation is maximized. Once optimization is completed, emission spots are mapped onto the SEM image, which makes the GNP ordering and emission properties of each aggregate unambiguously characterized. Numbers in Figure 3 By applying this correlation method to spectroscopy, we can obtain spectrum for each cluster. Emission spectra of a dimer is shown in Figure 4 . The spectrum is not corrected for the wavelength dependent efficiency of the detector and the diffraction efficiency of the grating. Spectra are normalized to their maximum values. Emission exhibit broad spectra starting at 570 nm, which is the cut on wavelength of the filter, to 850 nm. This is broader than two-photon emission spectra previously reported in the literature for single GNPs and GNP aggregates excited by a fs laser at 780 nm, 9 but consistent with our previous report. 
Sample and experimental setup

Results
GNP aggregate forms are characterized with SEM (Hitachi model S-3400N), and
Conclusions
MP emission properties of 50 nm GNP aggregates excited by a fs laser at 1560 nm are investigated with respect to their aggregate structure. Their aggregate forms are correlated with MP emission by SEM and a pattern matching method, which includes an optimization processes to maximize the cross correlation coefficient between a binary microscope image and a binary SEM image. Correlation results show that aggregated GNPs have stronger MP emissions than single GNPs. Spectroscopy combined with the pattern matching reveals that dimer emission has a broad spectrum in the visible region and the NIR region, which is broader than previous report. 
